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Introduction
By this time, the [1] . In 2002, the SELEX collaboration reported the first observation of the doubly charmed baryon state Ξ + cc in the decay Ξ + cc → Λ + c K − π + [2] , and confirmed it later in the decay Ξ + cc → pD + K − [3] . However, the Babar collaboration observed no evidence for the Ξ + cc in the Λ + c K − π + , Ξ 0 c π + decay modes and for the Ξ ++ cc in the Λ + c K − π + π + , Ξ 0 c π + π + decay modes, and the Belle collaboration observed no evidence for the Ξ + cc in the Λ + c K − π + decay mode [4, 5] . There are no experimental signals for the triply heavy baryon states, we expect that the large hadron collider (LHC) will provide us with the whole heavy, doubly heavy and triply heavy baryon states [6, 7] .
The triply heavy baryon states and heavy quarkonium states play an important role in understanding the heavy quark dynamics at the hadronic scale due to the absence of the light quark contaminations, and serve as an excellent subject in studying the interplay between the perturbative and nonperturbative QCD. On the other hand, the QCD sum rules is a powerful nonperturbative theoretical tool in studying the ground state hadrons [8, 9] . In the QCD sum rules, the operator product expansion is used to expand the timeordered currents into a series of quark and gluon condensates which parameterize the long distance properties. Taking the quark-hadron duality, we can obtain copious information about the hadronic parameters at the phenomenological side [8, 9] . There have been many works on the masses of the heavy and doubly heavy baryon states with the QCD sum rules [10, 11] . It is interesting to study the mass spectrum of the triply heavy baryon states using the QCD sum rules.
In Ref. [11] , we take the novel approach introduced by Jido et al [12] to study the positive-parity and negative-parity heavy and doubly heavy baryons in a systematic way by separating the contributions of the positive-parity and negative-parity baryons explicitly, as the interpolating currents have non-vanishing couplings to both the positive-parity and
the λ ± are the pole residues, the M ± are the masses, and the Dirac spinors U (p, s) and U µ (p, s) satisfy the following identifies,
We insert a complete set of intermediate triply heavy baryon states with the same quantum numbers as the current operators J ± (x) and J ± µ (x) into the correlation functions Π ± (p) and Π ± µν (p) to obtain the hadronic representation [8] . After isolating the pole terms of the lowest states of the positive-parity and negative-parity triply heavy baryons, we obtain the following results [12] :
In this article, we choose the tensor structure g µν for analysis, the We can take p = 0 for the correlation functions Π(p) (Π ± (p), Π ± (p)), and obtain the spectral densities at the phenomenological side,
where
the combinations A(p 0 ) + B(p 0 ) and A(p 0 ) − B(p 0 ) contain the contributions from the positive-parity and negative-parity triply heavy baryon states, respectively. In the following, we briefly outline the operator product expansion performed at the large space-like region p 2 ≪ 0. We contract the heavy quark fields in the correlation functions Π ± (p) and Π ± µν (p) with Wick theorem, substitute the full heavy quark propagators into the correlation functions Π ± (p) and Π ± µν (p) firstly, then complete the integrals in the coordinate space and momentum space sequentially to obtain the correlation functions Π ± (p) and Π ± µν (p) at the quark level. In calculations, we take into account all diagrams like the typical ones shown in Fig.1 . Once the analytical quark-level correlation functions Π ± (p) and Π ± µν (p) are obtained, we take the limit p = 0, and use the dispersion relation to obtain the QCD spectral densities ρ A (p 0 ) and ρ B (p 0 ) (which correspond to the tensor structures γ 0 and 1 respectively). Finally we introduce the weight functions exp −
T 2 , and obtain the following QCD sum rules,
where the s 0 are the continuum threshold parameters, the T 2 are the Borel parameters, and the threshold parameters ∆ = 2m Q + m Q ′ or 3m Q . The spectral densities ρ A (p 0 ) and ρ B (p 0 ) at the level of quark-gluon degrees of freedom are given explicitly in the Appendix.
We can obtain the masses M ± and pole residues λ ± by solving above equations with simultaneous iterations. The typical diagrams we calculate in the operator product expansion, we take into account the tree-level perturbative term and the gluon condensates.
Numerical results and discussions
The input parameters are taken as has been updated from time to time, and changes greatly [9] . The updated value αsGG π = (0.023 ± 0.003) GeV
4
[9] and the standard value αsGG π = (0.012 ± 0.004) GeV 4 [31] lead to a tiny difference as the gluon condensate makes tiny contribution. The heavy quark masses appearing in the perturbative terms are usually taken to be the pole masses in the QCD sum rules, while the choice of the m Q in the leading-order coefficients of the higher-dimensional terms is arbitrary [9, 32] . In calculations, we observe that the dominating contributions come from the perturbative term. So we take the pole masses and neglect the uncertainties of the pole masses. The integral intervals of the energy p 0 are rather small, variations of the threshold parameters ∆ = (2m Q + m Q ′ ) or 3m Q can lead to remarkable changes of the continuum threshold parameters √ s 0 , we can fix the ∆ and vary the √ s 0 . In the conventional QCD sum rules [8] , there are two criteria (pole dominance and convergence of the operator product expansion) for choosing the Borel parameter T 2 and continuum threshold parameter s 0 . We impose the two criteria on the triply heavy baryon states to choose the Borel parameter T 2 and continuum threshold parameter s 0 . In our previous works on the heavy and doubly heavy baryon states, the pole contributions are taken as (45 − 80)% [11] . We can take the same pole contributions, then search for the continuum threshold parameters √ s 0 to reproduce the relation
pole residues are shown in Table 1 and Figs.2-3. In this article, we have neglected the contributions of the perturbative O(α s ) corrections, which can be taken into account by introducing formal coefficient 1 +
As the dominant contributions come from the perturbative term, we expect that the O(α s ) corrections to the perturbative term cannot change the masses remarkably, those effects can be absorbed in the pole residues approximately.
If we choose the structures γ 0 and 1 to study the masses, there are contaminations of the negative-(or positive-) parity triply heavy baryon states to the positive-(or negative-) parity triply heavy baryon states, the corresponding fractions can be expressed as
In this article, we separate the contributions of the positive-parity and negative-parity triply heavy baryon states explicitly. In calculations, we have taken the pole masses. On the other hand, we can take the M S masses m c (m 2 c ) = 1.2 GeV, m b (m 2 b ) = 4.2 GeV, as the M S masses are also used in the QCD sum rules, for example, in studying the B → π form-factors [33] . We choose the same Borel parameters and suitable continuum threshold parameters to reproduce the same pole contributions so as to obtain the ground state masses and pole residues, the predictions are presented in Table 1 . From Table 1 , we can see that the pole masses and the M S masses result in large discrepancies for the masses of the triply heavy baryon states. If the M S masses are taken, the present predictions are compatible with the values from Ref. [22] within uncertainties. In Ref. [22] , the contributions of the positive-parity baryon states are not distinguished from that of the negative-parity baryon states. Table 1 . On the other hand, if the variations of the threshold parameters ∆ result in small values of the δ∆ √ s 0 −∆ , the predictions based on the pole masses and the M S masses lead to small discrepancies. Irrespective of the pole masses and the M S masses, it would be better to understand the heavy quark masses m Q as the effective quark masses (or just the mass parameters). Our previous works on the mass spectrum of the There are no experimental data for the masses of the triply heavy baryon states, the present predictions are compared with other theoretical calculations, such as the QCD bag model [17] , the quark model estimation [18] , the variational approach [19] , the modified bag model [20] , the relativistic three-quark model [21] , the QCD sum rules [22] , the nonrelativistic three-quark model [23] , see Table 2 . All those predictions should be confronted with the experimental data in the future. The LHC will be the world's most copious source of the b hadrons, and a complete spectrum of the b and c hadrons will be available through the gluon fusions. In proton-proton collisions at √ s = 14 TeV, the bb cross section is expected to be ∼ 500µb producing 10 12 bb pairs in a standard year of running at the LHCb operational luminosity of 2 × 10 32 cm −2 sec −1 [6] .
Conclusion
In this article, we extend our previous works on the mass spectrum of the heavy and doubly heavy baryon states to study the 
Ω ccc ( Table 1 : The Borel parameters, continuum threshold parameters, pole contributions, masses and pole residues of the triply heavy baryon states. The overline on the Ω QQQ ′ denotes the M S masses are used. ,
and Ω bbb ( Table 2 : The masses of the triply heavy baryon states compared with other theoretical calculations, the unit is GeV.
QCD sum rules, and make reasonable predictions for their masses. The predictions can be confronted with the experimental data in the future at the LHC or used as basic input parameters in other theoretical studies. m Q ′ = m Q , and obtain the corresponding QCD spectral densities of the triply heavy baryon states QQQ.
